The reason for the record-breaking typhoon landfall on Japan in 2004 was examined by analyzing the behavior of tropical intraseasonal variation associated with the Madden-Julian Oscillation (MJO, Madden and Julian 1972).
Introduction
In 2004 ten tropical storms and typhoons (with maximum wind speed greater than 17 ms 1 ) made landfall on Japan and caused severe economic and social losses not only in Japan but also in China and the Philippines. One of the frequently asked questions is that why so many tropical storms and typhoons hit Japan in 2004 where the average number is 2.6 per year. The official announcement by the Japan Meteorological Agency (JMA) is that the subtropical high pressure system shifted northward and the shift was favorable for the typhoons to make landfall on Japan, and the convective activity over the Philippines was above normal and it enhanced the subtropical high near Japan.
There are several papers documenting that tropical cyclones are generated during the active phase of MJOs (Nakazawa 1986; Liebmann et al. 1994; Hall et al. 2001; Zhu et al. 2003) . Nakazawa (1986) examined the relationship between MJO and tropical cyclone activities using the outgoing longwave radiation (OLR) data during the First GARP Global Experiment (FGGE) year and found that there are two major spectral peaks around 30 60 days and 15 25 days, and both these frequencies correspond with the tropical cyclone formation and development. Liebmann et al. (1994) showed that the numbers of tropical storms and typhoons are enhanced during the active phase of MJO. Zehr (1992) and Briegel and Frank (1997) analyzed tropical cyclogenesis over the western North Pacific. Zehr (1992) found the low-level convection surges before the genesis and Briegel and Frank (1997) found low-level wind surges prior to the genesis. Under the planetary-scale low-level convergence, which MJO may provide, tropical cyclones are generated in a large-scale or synoptic-scale fluctuations with shorter time scales than MJO, as Zehr (1992) and Briegel and Frank (1997) showed.
However, there are very limited studies to document the relationship between the MJO activity and tropical cyclone track. Recently, Kim et al. (2005) studied the reason for the occurrence of the record-breaking typhoon landfall on Japan in 2004. They concluded that the main reason for the record-breaking typhoon landfall on Japan is a split of the North Pacific subtropical high east of Taiwan and anticyclonic anomalies to the southeast of Japan. The motivation of this study is to examine the reason for the record-breaking landfall of typhoons on Japan in 2004. The purpose of this study is to understand the relashionship between the MJO activity mainly over the western North Pacific and TC genesis/track.
We have used the following data sets in this study. Figure 1 shows the time-latitude cross section of the QuikSCAT ocean surface zonal wind (Fig. 1a ) and the OLR (Fig. 1b) , averaged between 130°E and 150°E during the period of May to October 2004. The red (blue) shades denote the westerlies (easterlies) in Fig. 1a and active (suppressed) convection in Fig. 1b respectively. OLR can be used as a proxy for convective activity in the tropics. Low OLR (below 240 W/m 2 ) reflects deep convective activity. The locations of the tropical cyclone genesis are marked by small closed circles. The numbers are the sequential numbers of the tropical cyclones, generated over the western North Pacific from January 1, 2004.
MJO activity
Ten larger closed circles (numbered 4, 6, 10, 11, 15, 16, 18, 21, 22 and 23) represent the tropical cyclones which made landfall on Japan. It can be seen from Fig.  1 that there are periods of enhanced equatorial westerlies with active convection (from equator to 15°N) in June, August and early October. These are the three active phases of the MJO over the western North Pacific. The MJO has a wide-range periodicity from 30 to 60 days. The year 2004 was characterized by the longer periodicity of the MJO with 60 days, as is shown in Fig.  1 . Thus the monsoon westerlies, enhanced by the MJO, persist longer than usual over the western North Pacific. Moreover, it is well known that the MJO moves slower over the Indo-Pacific sector and moves faster over other regions. For example, along 10°N, more westerlies (red) than easterlies (blue) can be seen. It is also noted that the westerlies and active convection first appear near the equator and move northward in time. This is one of the typical characteristics of the MJO over the western North Pacific, as documented by several authors (Lau and Chan 1986; Wang and Rui 1990) . It is to be noted that many tropical cyclones were generated near the monsoon trough with large positive vorticity (westerlies in the south and easterlies in the north) during the period of the westerly regime or active phase of the MJO. Seven typhoons (numbered 6, 15, 16, 18, 21, 22 and 23) out of ten tropical storms/typhoons were generated near the monsoon trough and made landfall on Japan. We further examine that why do these tropical storms and typhoons which were generated near the monsoon trough during the active phase of the MJO, land on Japan. Figure 2 shows QuikSCAT ocean surface winds averaged during the active phase (June, August and early October) and inactive phase (July and September, September is not shown) of the MJO over the western North Pacific in 2004. The shading denotes the zonal wind speed and the arrows represent wind direction with speed. The dashed white line denotes the location of the monsoon trough, which is determined subjectively from the surface convergence based on QuikSCAT data. As was shown in Fig. 1 , the locations and sequential numbers are also marked in Fig. 2 . In June (top-left), August (bottom-left) and early October (bottom-right), the westerlies are enhanced to the east of the Philippines and easterlies are enhanced east of the 137 Fig. 2 . QuikSCAT ocean surface wind fields in June through August and early October. Shades denote the zonal wind speed. Closed circle and number are the same as in Fig. 1 . The dashed white line denotes the location of the monsoon trough which is determined subjectively by the surface convergence. monsoon trough. Thus, during the active MJO period the monsoon trough is also enhanced. It is interesting to note that the typhoons which made landfall on Japan were generated along the monsoon trough during the active MJO period. In contrary, during weak MJO periods [July 2004 (top-right) and September 2004 (not shown)], both equatorial westerlies and easterlies are weak with no typhoon genesis along the monsoon trough, and very limited number of typhoon genesis was observed over the western North Pacific. The mean OLR during the active and inactive phases of the MJO also shows that there are three active convective periods in June, August and early October from South China Sea to the subtropical western North Pacific (not shown).
MJO and typhoon movement
In this session we document the relationship of MJO to many named tropical cyclone landfalls on Japan in 2004.
Typhoon tends to move with the vertically integrated mean flow in the middle to lower troposphere, called steering flow. The steering flow is the main factor to govern the movement of typhoon (George and Gray 1976; Franklin et al. 1996) . Figure 3 shows the seasonal mean steering flow anomaly, integrated between 1000 hPa and 300 hPa, and the geopotential height anomaly at 850 hPa (a) and the OLR anomaly (b) between June October 2004, subtracted from long-term climatological mean in the JRA-25. In Fig. 3 , anomalous easterlies/southeasterlies are prominent from southeast of Japan to Korean Peninsula through western Japan. As was shown in Figs 1 and 2 , the asymmetry of wind and convective activity is responsible for the seasonal mean. The steering flow anomaly persisted, due to the long duration of the active phase of the MJO over the western Pacific, and directed westward-northwestward from the TC genesis region with both anti-cyclonic (cyclonic) centers over east of Japan (east of the Philippines). This pattern looks similar to the PJ pattern which Nitta (1987) found, so the enhancement of the subtropical high is closely related with the enhanced convective activity of the Philippines due to the Rossby wavetrain originated from the active convection over the Philippines. Once TCs are generated, then TCs tend to move along with the steering flow, which is directed westward/northwestward in Fig. 3a . The OLR anomaly is well correlated with the low pressure anomaly and may corresponds with the TC genesis region in 2004, as will be shown in Fig. 4 . Figure 4 shows the monthly mean steering flow from June to early October 2004. The streamlines denote the vertically integrated steering flow and the shaded contours denote the wind speed of the steering flow. In June (top-left), August (bottom-left) and early October (bottom-right), the westerlies west of the monsoon trough were stronger than normal, located east of the Philippines and the mean steering flow is directed northwestward. Comparing the actual typhoon tracks with the steering flow, it is found that the typhoons which made landfall on Japan tend to move with the steering flow during the active phase of the MJO. However, in July (top-right) and September (not shown), easterlies prevailed over the region. If typhoons were generated during the weak MJO period (actually this is not the case, as shown in Fig. 2) , typhoons would move westward, not northwestward, thus these would not have come to Japan.
Discussion
It is well known that the interannual and seasonal activity of the MJO differs largely from year to year or from season to season (Knutson and Weickmann 1987) . This variability of the MJO may cause fluctuations in the frequency of typhoon landfall on Japan. We suggest that the duration/periodicity of the active MJO over the western North Pacific may be important for the typhoon landfall on Japan. If the duration or periodicity of the active MJO is short, the steering flow quickly changes from the favorable condition (northwestward) to the normal condition (trade wind prevails), that is the unfavorable condition for typhoon landfall on Japan. We would like to examine this point in the future study. Also how do we explain that the TC genesis number in 2004 was almost normal? This is also related to the MJO activity. As we showed, the monsoon trough activity fluctuates largely in time. Although the monsoon Fig. 4 . Same as Fig. 2 , but for the vertically integrated steering flow between 1000 hPa and 300 hPa. Shades denote the wind speed (m/s). Closed circle and number are the same as in Fig. 1 and the tropical cyclone best track data by the JMA was added (white line). The symbol "H" is the center of the subtropical high. trough was very active in June, August and early October, it was suppressed in July and September. Consequently, on an average, the TC genesis number would be normal in the season.
In addition, the position of the subtropical high may also be important. For example, although the MJO activity does not change, the number of landfall on Japan may be different if the subtropical high shifts further eastward or westward. Harr and Elsberry (1995) discussed the effect of the large-scale atmospheric circulation on tropical cyclone track over the western North Pacific. They showed that tropical cyclone tends to move westward in the subtropics when there is a negative height anomaly along 15°N and a positive anomaly along 30°N, just south of Japan. This high pressure anomaly may prevent the northward movement of tropical cyclones. We are now preparing a paper to describe the large-scale atmospheric condition which is responsible for the tropical cyclone landfall on Japan, using global atmospheric reanalysis data. Kim et al. (2005) discussed the reason for the recordbreaking typhoon landfall on Japan in 2004. Their paper stressed that the main reason for the recordbreaking typhoon landfall on Japan is due to the splitting of the North Pacific subtropical high east of Taiwan and anticyclonic anomalies to the southeast of Japan through several figures in June and two-month mean of July August and September October. In our paper we emphasize that the MJO and the enhancement of the monsoon trough is the key to understand the record-breaking landfall on Japan. The active phases of the MJO with a period of two months occurred in June, August and early October. If we average the data over July August and September-October together as Kim et al. (2005) did, then we cannot see the correspondence of the MJO with the tropical cyclone track.
To examine how the atmospheric conditions are different from the climatology in 2004, we calculated the monthly climatological steering flow (shown in Fig. 5 ). In June, tropical easterlies are dominant with little northward component. In July, easterlies tend to have a northward component as they approach the Philippines. August is the month with the largest northward component which is favorable for landfall on Japan. Climatologically, the number of genesis, approach and landfall on Japan is the largest (5.5, 3.4 and 0.9, respectively) in August. In Fig. 5 , the contribution of the monsoon trough to the climatological steering flow over the western Pacific is limited. Thus, it seems that while the activity of the monsoon trough does not have any influence on tropical cyclone landfall on Japan, the subtropical high pressure system does. Comparing Fig. 5 with Fig. 4 , it can be seen that the climatological flow is very different from the flow in 2004. How do we explain the flow in Fig. 5 , which indicates that the monsoon trough has little influence on landfall on Japan? Partly it is because the monthly mean data may smooth the fluctuations in MJO by averaging different phases of the MJOs.
Conclusion
We examined the role of MJO in typhoon genesis over the western North Pacific and typhoon landfall on Japan in 2004. We found the following results.
There were three active phases of MJO over the western North Pacific during the typhoon season in 2004, that is, in June, August and October.
The monsoon trough over the western North Pacific was enhanced during the active phase of the MJO over the western North Pacific and generated most of the typhoons over the region.
The steering flow anomaly persisted, due to the long duration of the active phase of the MJO over the western Pacific, and directed westward-northwestward from the TC genesis region with the enhancement of the monsoon trough and subtropical high. We suggest that the persisted steering flow anomaly provided a favorable condition for typhoon landfall on Japan in 2004.
